With a specific and strong molecular-recognition capability cultivated in humoral acquired immunity, an antibody has been extensively utilized in various applications, such as diagnostics and therapy. However, so far most of its uses have been limited to be in the liquid phase. In view of its potential uses, such as a gas-phase biosensor or a high-performance air filter, we have tried to verify a previously undescribed binding reaction between protein antigens and corresponding antibodies immobilized on a solid surface by using fluorescence resonance energy transfer between the two. Our data showed that the antibody on a solid surface specifically reacted with a protein antigen supplied from the gas phase under the normal ambient condition. Also discovered was that the reaction occurred even faster than that in the liquid phase under several assay conditions.
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introduction
Because of its high recognition specificity and affinity, the antigen-antibody reaction has been put into wide practical uses, such as immunoassay, affinity chromatography, bio-imaging, and more recent therapeutic applications. However, so far almost all of these applications are performed in the liquid phase, i.e., the antigen-antibody reaction takes place only in an aqueous solution. If the reaction also proceeds for airborne antigens, we can expect to enjoy its characteristic features in many more situations. For example, we may obtain highperformance gas-phase sensors, or air filters to catch harmful substances floating in the air, such as germs, viruses and allergens.
There have been a number of reports on the application of reactions between an airborne antigen and an antibody as immunoassay devices. For example, a surface acoustic wave was applied to detect the reaction for immunosensors against insecticides and agricultural chemicals, 1 fluorescent materials, 2, 3 and cocaine. [4] [5] [6] Also, surface plasmon resonance was applied to the detection of trinitrotoluene. 7 All of their targets are low-molecular-weight substances.
Many trials have been made for the detection of bacillus and viral antigens in a vapor phase with an immobilized antibody: for example, piezoelectric biosensors for tuberculosis, 8 SARS-associated coronavirus, 9 and influenza viruses. 10 However, all of these trials have been applied for atomized antigen solutions. Therefore, these antigens have been supplied to biosensors with a large quantity of H2O. To the best of our knowledge, there has been no report on the detection of an airborne protein antigen in the true sense. Also, we did not find any attempt to quantitatively describe the reactions between the two.
In view of potential applications and a lack of physicochemical characterization to date, this time we tried to verify whether an airborne protein antigen can react with an immobilized antibody at a gas-solid interface, or not. However, the direct detection of a reaction can be difficult, because most of the current immunological assays are designed to perform in the liquid phase. As an attempt to obviate this limitation, we applied fluorescence resonance energy transfer (FRET) as a means to quantify the reaction. FRET is a process by which a donor fluorophore in an excited state nonradiatively transfers its excitation energy to a neighboring acceptor fluorophore. 11 Because of simple operation under homogeneous solution conditions, it has been widely used as a powerful tool for investigating a number of molecular interactions. 12, 13 Here, we utilized commonly used pairs of antibody labeled with donor fluorophore, and an antigen labeled with an acceptor fluorophore, and monitored the FRET between the donor and the acceptor in several experimental systems. For describing the reaction, a simple, but reasonable assumption was set that the specific FRET signal is only induced by an antigen-antibody reaction (Fig. 1) .
experimental

Materials
The labeled reagents indicated in Table 1 were purchased from Sceti Medical Lab (Tokyo, Japan). Cryptate used for labeling antibody is a fluorescent material that has the europium ion in the center of a cyclic structure of trisbipyridine diamine. XL665 used for labeling the antigens are a fluorescent cross-linked allophycocyanin.
All of the reagents were reconstituted with ultrapure water instead of the supplied buffer for reconstitution in the kits so as to avoid any influence of salts, which cause deliquescence to disturb our verification experiment under the gas phase.
Fluorescence measurements
Fluorescence measurements were performed using an EnVision microplate reader (PerkinElmer, MA). A 96-well black, flat-bottom MaxiSorp TM PS microplate (Nunc 437111, NalgeNunc International, Tokyo, Japan) was used for all of the measurements. Time-resolved fluorometry data were collected with an excitation filter of 320 nm, and with two emission filters of 615 and 655 nm. A delay time of 90 µs was used, with 100 flashes per measurement.
The intensity of the FRET signal was estimated with "Delta Ratio" defined as follows, which is recommended by the reagent manufacturer:
where "Positive Ratio" is the ratio of the emission intensity at 665 nm to that at 615 nm, for samples including a positive control. The "Negative Ratio" is that of negative control. For all systems, the emission of 595 nm was checked to control the amount of XL665-labeled reagent (between 200000 and 300000 cps), with the excitation at 320 nm. The amount of cryptate-labeled reagent was controlled with the emission of 615 nm (between 10000 and 30000 cps), with excitation at 320 nm. The systems were set to the condition that antigen was in far excess to the antibody (more than 100 times in mol). The antigen specificity of FRET signals for these reagents in solution was tested, as shown in Fig. 2 .
Generation and assay of a dry aerosol
To generate a dry aerosol of the reagents, an atomizer aerosol generator (Model ATM-226, TOPAS, Dresden), an aerosol dryer (Kanomax Japan, Osaka), a filer holder (Swinnex TM 13, Millipore, MA) and a dry air pump (XX5510000, Millipore, MA) were linked as shown in Fig. 3 . The temperature of the heater was controlled to 80 C. Polypropylene electret non-woven filters were cut from a commercially available mask (Nexcare TM , Sumitomo 3M, Tokyo, Japan). Cryptate-labeled antibodies (anti-GST or anti-6HIS) were fixed on the filters and set to the filter holders. Aerosol of XL665-labeled antigens were blown through the filter as the flow rate was controlled to about 3 L/min. Under this condition, the aerosol passed through the heater area in less than 2 s. The collected filters were set on the wells of a microplate and submitted to fluorescence measurements. Fig. 2 Comparison of FRET signals for all combinations in solution (liquid phase). The notations for the XL665-labeled and cryptatelabeled antibody reagent pairs were as described in Table 2 .
Dry transfer method
Cryptate-labeled antibodies were fixed on Nunc 437111 plate wells and dried up in vacuo. A silicone rubber ring string (6 mm in diameter, Toho Industrial Rubber, Kyoto, Japan) was cut into a round slice of about 20 mm in length for a stamp. On the center of cut end, a solution of XL665-labeled GST or XL665-labeled 6HIS was put and dried up. Then, the dried-up XL665 labeled reagents were imprinted on fixed antibodies and submitted to fluorescence measurements (Fig. 5) . All work was done in an air-conditioned (20 C, 60%RH) laboratory. The temperature and the humidity were measured by a temperature/humidity data logger (Ondotori TR-72U, T&D, Nagano, Japan).
Results and discussion
System 1: "Dry aerosol method"
To verify the antigen-antibody reaction between the airborne protein antigen and the immobilized antibody with the timeresolved FRET between the commercially available fluorolabeled reagents, we built three experimental systems. The first was the system that we call the "Dry aerosol method". The aerosol of fluorolabeled antigens was generated by an atomizer aerosol generator, dried by an aerosol dryer, and applied to polypropylene electret non-woven filters on which fluorolabeled antibodies were immobilized (Fig. 3) . The flow rate was controlled to about 3 L/min, so that the aerosol would pass through the heater area in less than 2 s. The collected filters were set on the well of the microplate and submitted for fluorescence measurements. Figure 4 shows the result of fluorescence measurements of the collected filters. The FRET signals, expressed in "Delta Ratio" for Homo(G) and Homo(H) are significantly stronger than those of Hetero(G) and Hetero(H), respectively. That is to say, we monitored specific FRET signals for all combinations.
To evaluate the strength of the obtained FRET signal, corresponding reference samples were prepared in a liquid. The antigen-antibody complex made from a homologous combination of solutions was poured onto the same filter, dried up, and submitted to fluorescence measurements. We inscribed the sample of which the antigen was GST as "Ideal(G)", and that of which the antigen was 6HIS as "Ideal(H)". The amount of reagents was controlled approximately, just the same as the corresponding dried samples. Figure 4 shows that the samples prepared by the method gave ca. 60 -80% specific FRET signals of that obtained by the antigen-antibody complex in the liquid phase. This suggests that the antigen-antibody reaction at gassolid interface occurred at a similar level to that in the liquid phase.
The "Negative Ratio" due to the background fluorescence, is also indicated for reference in Fig. 4 . The value was low enough, and did not affect the conclusions mentioned above. Table 2 . Ideal(G) indicates the ideal sample prepared by drying the Homo(G) solution. Ideal(H) indicates the ideal sample prepared by drying the Homo(H) solution. "Negative Ratio" is the ratio of the emission intensity at 665 nm to that at 615 nm for an antibody fixed filter sample (negative control).
System 2: "Dry transfer method"
Cryptate-labeled antibodies were fixed on 96-well plates and dried up. Silicone rubber ring string (6 mm in diameter) was cut into a round slice of about 20 mm length for a stamp. On the center of cut end, a solution of XL665 labeled GST or XL665 labeled 6HIS was put on the well and dried up. Then, the dried up XL665 labeled reagents were imprinted on the fixed antibodies (Fig. 5 ) and submitted to fluorescence measurements. Figure 6 shows the result. In this experiment, we also monitored the time course of FRET signals, because we supposed some change in the system. The FRET signals for Homo(G) and Homo(H) were significantly stronger than Hetero(G) and Hetero(H), respectively. That is to say, we monitored specific FRET signals for all combinations. The experiments were performed under various atmospheric conditions. As for the time course, the intensity of the signals did not change much under low humidity (30%RH) and middle humidity (60%RH). On the other hand, it is remarkable that the specific FRET signals grew stronger only under high humidity (90%RH). This phenomenon suggests that the migration of the antigen is supported by water. We presumed that the condensed water would promote the antigen-antibody reaction to induce stronger FRET signals than that of dried Ideal(H) or Ideal(G) systems.
System 3: "Dry powder method"
To support the above results, we also attempted a slightly rough experiment. A crushed sample of lyophilized reagents was mixed in an empty well of the microplate, and simply submitted to fluorescence measurements (Fig. 7) .
For a reference, the corresponding reagents were mixed in a solution (liquid-phase model) and applied to the measurements.
Figures 8a and 8b show specific FRET signals for both the airborne antigen model (powder) and the liquid-phase model (solution). It is noteworthy that the FRET signals for the airborne antigen model grew faster than that in the liquid-phase model. Based on the assumption of a pseudo-first-order reaction, we estimated that the reaction of airborne antigen model takes place ca. 20-times faster than in the liquid-phase model from the result of Fig. 8 . The rate coefficients of the reaction were estimated to be 0.1201 for Homo(H) in powder and 0.0060 for Homo(H) in solution, respectively, under a correlation coefficient of more than 0.95. For Homo(G) and Hetero(G), even a larger difference between the two models was observed. From these results, we speculate that a limited, but condensed condition resulted in an advantage in the reaction between the airborne antigen and the antibody, compared to that in the liquid phase.
Because the highly condensed systems induced not only the "Positive Ratio" for specific FRET signals, but also the "Negative Ratio" for nonspecific ones, the signals of the hetero systems were lower than those in the other methods (Eq. (1)). It is remarkable that specific strong signals could be detected under the conditions.
Additional experiment: "Dry in vacuum experiment"
Since the role of water molecule seemed to be important, we proposed that a small amount of water could influence the reaction between the airborne antigen and the antibody. We conducted additional experiment to clarify this point. The dried antibody fixed on the microplate, and the dried antigen fixed on the imprint silicone stamp prepared as in system 2 were left under a vacuum at 25 C for 1 h to remove free water molecules. Then, the stamp sample was imprinted on the microplate and submitted to fluorescence measurements. The ambient air was kept dry throughout the process from the degassing to the measurements, by using a glove box, a sealed transporting vessel, and a glove bag surrounding the microplate reader (Fig. 9) . For the reference, the same samples as prepared under the normal atmosphere (20 C, 60%RH) were measured at the same time. Figure 10 shows the result. For Homo(H) and Hetero(H), no clear difference in the FRET signals between the normal and dried ambient conditions was found, while considering the data distributions. However, it is remarkable that the FRET signals for Homo(G) and Hetero(G) indicate more specific recognition under the dried ambient conditions than under the normal conditions. We assumed that antibody had sufficient water to react with the antigen, even under the dried in-vacuum conditions. This suggests that we can expect sufficient stability for practical uses of the reaction between an airborne antigen and an antibody.
From these results, a presumptive model for the reaction between a fixed antibody and an antigen supplied from the gas phase is proposed (Fig. 11) .
There are two steps: 1. The reaction between the antibody and the antigen takes place not only in the liquid phase, but also at the gas-solid interface. A highly condensed reaction place in some limited area is formed, and the resultant reaction can proceed even faster than that in the liquid phase. 2. Under a high humidity condition, an additional reaction is caused by migration, which is supported by water molecules supplied from the gas phase.
Conclusions
We monitored the reactions between airborne protein antigen and an immobilized antibody that proceeded at a gas-solid interface by FRET between the two. An antibody fixed on solid surface specifically reacted with a protein antigen supplied from a gas phase under normal ambient condition. The reaction proceeded even faster than that in the liquid phase under several experimental conditions. acknowledgements
